Atypical chemokine receptor 1 (Ackr1; previously known as the Duffy antigen receptor for chemokines or Darc) is thought to regulate acute inflammatory responses in part by scavenging inflammatory CC and CXC chemokines; however, evidence for a role in chronic inflammation has been lacking. Here we investigated the role of Ackr1 in chronic inflammation, in particular in the setting of atherogenesis, using the apolipoprotein E-deficient (ApoE 2/2 ) mouse model.
Introduction
Atherosclerosis, the major cause of mortality worldwide, is a chronic inflammatory disease regulated by various immune effectors, including cholesterol accumulation, pattern-recognition receptor activation, and inflammatory cell recruitment. 1, 2 The activation and migration of various inflammatory cells into the vessel wall are critically regulated by chemokines and chemokine receptors, which are involved in all stages of atherosclerosis. 3 For example, chemokine receptors Ccr2, Ccr5, Ccr6, and Cx3cr1 are critical for the migration, adhesion, and survival of monocytes; Ccr1, Ccr4, Ccr5, Ccr7, Cxcr3, and Cxcr6 are required for the adhesion, recruitment, and egress of T cells; whereas neutrophils rely on Cxcr2 and Cxcr4 for their recruitment into atherosclerotic lesions. 4 Ackr1, previously known as the Duffy antigen receptor for chemokines or Darc, is an atypical chemokine receptor in that it (i) binds highly promiscuously to both inflammatory CC and CXC chemokines, (ii) is expressed by red blood cells, endothelial cells, and cerebellar Purkinje cells, but not by leukocytes, and (iii) does not signal through G proteins. 5, 6 Genome-wide association studies (GWAS) have shown that ACKR1 polymorphisms are associated with serum levels of CCL2 in both Caucasian adults and Hispanic children, 7, 8 and reduced neutrophil count in African Americans. 9 These results are consistent with previous animal studies, which showed that erythrocyte Ackr1 may serve as a blood reservoir or sink to buffer plasma chemokine levels, 6, 10 and endothelial cell Ackr1 can mediate chemokine transcytosis. 11 Erythrocyte ACKR1 is used by the malaria-causing protozoan Plasmodium vivax as a cell entry factor, 12 whereas Purkinje cell Ackr1 appears to regulate motor function and behaviour. 13 As a regulator of inflammation, Ackr1 has been examined in various contexts, including sepsis, malaria infection, HIV, cancer, and renal failure 6, 10, 14 ; however, a role in chronic inflammatory pathologies has not yet been defined. It has been suggested that ACKR1 may have diagnostic and therapeutic implications in cardiovascular diseases since ACKR1 is expressed by erythrocytes, which are present within atherosclerotic plaques and may promote plaque growth and instability. 15 In this regard, we have investigated the role of Ackr1 in atherosclerosis in the apolipoprotein E-deficient (ApoE 2/2 ) mouse model. 
Methods

Animals
Real-time quantitative PCR analysis
As previously described, 16 mouse aortas were homogenized in Trizol (Invitrogen, Carlsbad, CA, USA) and RNA was isolated using RNeasy kit (Qiagen, Valencia, CA, USA). Purified RNA was first converted into cDNA and then real-time PCR (ABI Prism 7900HT, Applied Biosystems) was used to determine the levels of total mRNA, using either SYBR Green or Taqman primers (Applied Biosystems, Carlsbad, CA, USA). All samples were normalized to GAPDH or b-actin and relative gene expression changes were determined by the DDC T method.
Atherosclerotic lesion analysis
The size of atherosclerotic lesions in the whole aorta and aortic root was analysed as described previously. 17 Briefly, mice were anaesthetized by intraperitoneal injection of ketamine/xylazine cocktail (ketamine, 60 mg/kg; xylazine, 8 mg/kg) and were monitored continually by assessing reflexes and respiration; cervical dislocation was used to confirm death. Mouse whole aortas and hearts were collected after perfusion, and aortas were stained with Sudan IV, while hearts were snap frozen in optimal cutting temperature compound. The frozen heart blocks were cut at 100 mm increments until the valves appeared, and then the sections were cut at 10 mm thickness. Six consecutive sections (with three leaflets of the aortic valve, 50 mm apart) were first stained with Oil Red O and then counterstained with haematoxylin (Histoserv, Inc., Germantown, MD, USA). Images of the entire aorta and aortic root were captured with Leica AF6000 LX microscope (Mannheim, Germany) and analysed by Image J (NIH) and IVision software (Biovision, Inc., Exton, PA, USA), respectively.
Magnetic resonance imaging
Animal imaging was conducted following NIH animal care and use guidelines. Magnetic resonance imaging (MRI) was performed in a 7.0 T, 16-cm horizontal Bruker MR imaging system (Bruker, Billerica, MA, USA) with Bruker ParaVision 5.0 software. Mice were anaesthetized with 2 -3% isoflurane and imaged with ECG and respiratory detection using a 35 mm m2m Imaging birdcage volume coil (m2m Imaging, Cleveland, OH, USA). Magnevist (gadopentate dimeglumine, Bayer HealthCare, Montville, NJ, USA) diluted 1:10 with sterile 0.9% saline was administered IV at 0.3 mmol Gd/kg. T 1 -weighted gradient echo cine images of the heart were acquired in short axis from above the base to the apex and long axis in two-and four-chamber views. Short-axis cine parameters were: repetition time TR ¼ 10 ms, echo time 
Lipid analysis
Mouse serum samples were collected after four-hour fasting. EnzyChrom kit (BioAssay Systems, Hayward, CA, USA) and Stanbio Triglyceride LiquiColor assay kit (Stanbio Lab., Boerne, TX, USA) were used to measure the total cholesterol, HDL, LDL/VLDL, and triglyceride levels, respectively.
Immunostaining
Frozen mouse aortic root sections were stained with rat anti-mouse MOMA-2 (Serotec, Raleigh, NC; Cat#: MCA519G) and goat anti-rat Alexa Fluor 488 (Molecular Probes, Carlsbad, CA; Cat#: A-11006) for macrophages, as described previously. 16 
ELISA assay
Mouse serum was stored at 2208C and thawed prior to ELISA measurement. Murine DuoSet ELISA Development kits (R&D Systems, Minneapolis, MN, USA) were used to determine the protein levels of Ccl2, Ccl5,Cxcl1, Il-10, and TGFb1 (Cat#: DY479, DY478 DY453, DY417, and DY1679), according to the manufacturer's instructions.
Cell isolation and single-cell suspension
As described previously, 17 primary leucocytes were isolated from mouse whole aorta, peripheral blood, bone marrow, and spleen for further flow cytometry analysis. Briefly, mouse aortas were digested with Liberase TM and collagenase B (Roche Applied Science, Indianapolis, IN, USA; Cat#: 05401119001 and 11088807001) in RPMI at 378C for 30 min; anti-coagulated peripheral blood was treated with lysing buffer (BD Biosciences, San Jose, CA, USA) to remove erythrocytes; bone marrow was flushed from tibia and femur with HBSS/1% FCS/10 mM HEPES; spleens were finely minced. All digested tissues and cells were passed through a 70-mm filter and washed with PBS/ 2 mM EDTA, and the remaining red cells were lysed with ACK lysing buffer (Quality Biological, Inc., Gaithersburg, MD, USA). Then the cells were washed three times with fluorescence activated cell sorting (FACS) buffer (PBS, 1% BSA, 0.1% sodium azide) to prepare single-cell suspensions. 
In vivo T-cell adoptive transfer
Bone marrow-derived macrophages
Mice were sacrificed by cervical dislocation and bone marrow was flushed from tibia and femur with PBS and 2 mM EDTA, and then cultured in RPMI1640 with 40 ng/mL macrophage colony stimulating factor to obtain bone marrow-derived macrophages (BMDM). BMDM were stimulated with either 25 ng/mL IFNg and 100 ng/mL lipopolysaccharide (LPS) or 10 ng/mL IL-4 to induce M1 and M2 macrophages, respectively.
Statistical analysis
All data were presented as the mean + SEM and analysed using either unpaired parametric t tests (two-tailed) or ANOVA analysis with Prism 6 (GraphPad Software). Bonferroni correction was performed where it is appropriate, and the cut-off for statistical significance was P , 0.05 (****P , 0.0001; ***P , 0.001; **P , 0.01; *P , 0.05; NS, P ≥ 0.05).
Results
Ackr1 mRNA was present in the whole aorta of both wild-type and ApoE 2/2 C57BL/6 mice, as shown by qPCR analysis ( Figure 1A) . Its expression was significantly increased in ApoE 2/2 mice fed a WD for 15
weeks compared with control wild-type mice fed a WD for 15 weeks ( Figure 1A) . Also, Ackr1 protein was identified in the aortic root Figure 1B) . In order to directly examine the role of Ackr1 in atherogenesis, Ackr1 2/2 ApoE 2/2 and Ackr1 +/+ ApoE 2/2 littermates were generated by crossing Ackr1 2/2 mice and ApoE 2/2 mice. We found that after 10 weeks on a WD, Ackr1 Nevertheless, the lesion patterns were similar in both control and knockout mice, with most of the lesions found at the lesser curvature of the aortic arch ( Figure 1C, upper panel) . Atherosclerotic lesion size in the aortic root sections of Ackr1 2/2 ApoE 2/2 mice was also significantly reduced by about 33% compared with Ackr1 +/+ ApoE 2/2 mice ( Figure 1D ). The reduction in lesion size compared with control mice persisted in Ackr1 2/2 ApoE 2/2 mice fed a WD for 20 weeks ( Figure 1E) . Also, atherosclerotic lesion size was significantly reduced in aortas from Ackr1 2/2 ApoE 2/ 2 mice fed a CD for 20 weeks ( Figure 1F ), indicating that Ackr1 affects both early and late stages of atherogenesis. MRI demonstrated that the stroke volume and cardiac output of Ackr1 2/2 ApoE 2/2 mice were both significantly increased compared with Ackr1 +/+ ApoE 2/2 mice, but the cardiac dimensions were similar (see Supplementary material online, Table S1 ), suggesting that Ackr1 deficiency may result in an increased adrenergic drive.
Ackr1 deficiency reduces the aortic expression of chemokines and adhesion molecules in ApoE 2/2 mice
It is known that Ackr1 can bind to a variety of inflammatory CC and CXC chemokines, 5,6 so here we first examined the effect of Ackr1 deficiency on the expression of all known chemokines, chemokine receptors and some adhesion molecules, inflammatory cytokines in the whole aorta by qPCR analysis. The levels of Ccl2 and Cxcl1 were significantly reduced in Ackr1 2/2 ApoE 2/2 mice compared with Ackr1
mice, whereas most other factors tested were not affected ( Figure 2A and Supplementary material online, Figure S1) . Surprisingly, the serum levels of Ccl2 and Ccl5 were not affected by Ackr1 deficiency, but the level of Cxcl1 was significantly increased in Ackr1 2/2 ApoE 2/2 mice ( Figure 2B ). At the same time, the serum level of Il-10 was significantly increased but the level of TGFb1 was reduced in Ackr1 2/2 ApoE 2/2 mice ( Figure 2C and D) . Figure 3D) ; however, the difference was similar in magnitude to the difference in plaque size in these mice. The content of CD4 + T cells assessed by flow cytometry in both the whole aorta and blood was significantly reduced in Ackr1 2/2 ApoE 2/2 mice compared with Ackr1 +/+ ApoE 2/2 controls ( Figure 4A and B) . There was also a reduction in CD8 + T cells in the spleen of Ackr1 2/2 ApoE 2/2 mice, but no difference was found for bone Akcr1 deficiency reduces atherogenesis marrow ( Figure 4C and D) . This reduction was not caused by apoptosis or proliferation since flow cytometry data showed that Ackr1 deficiency did not affect the level of apoptosis or proliferation of T cells (see Supplementary material online, Figure S2A and B). Instead, T-cell adoptive transfer experiments with splenocytes suggested that Ackr1 2/2 ApoE 2/2 recipient mice had less T-cell migration into the spleen compared with Ackr1 +/+ ApoE 2/2 recipient mice, whereas the donor genotype had no effect on the migration ability of T cells ( Figure 5A-C) , suggesting that the reduced aortic total T-cell accumulation in Ackr1 2/2 ApoE 2/2 mice may be caused by impaired T-cell recruitment.
3.4 Ackr1 deficiency skews monocytes/ macrophages towards a less inflammatory state in ApoE 2/2 mice
Monocytes are involved in both the initiation and progression of atherosclerosis, and macrophages are the most abundant cell type identified in atherosclerotic lesions 2 ; therefore, we next assessed the effect of Ackr1 deficiency on monocytes and macrophages. Although the content of Ly6C hi , Ly6C low and total monocytes in the aorta, blood, bone marrow, and spleen of Ackr1 2/2 ApoE 2/2 mice and Ackr1
mice were similar ( Figure 6A , B and Supplementary material online, Figure 3A -D), the ratio of Ly6C hi monocytes to Ly6C low monocytes in the whole aorta and blood of Ackr1 2/2 ApoE 2/2 mice was slightly reduced ( Figure 6C and D) . The apoptosis or proliferation of Ly6C hi , Ly6C low monocytes and Ly6G + neutrophils was not affected by Ackr1 deficiency in ApoE 2/2 mice (see Supplementary material online, Figure   S2A and B). Further analyses with BMDM showed that macrophages from Ackr1 2/2 ApoE 2/2 mice expressed fewer M1 markers (e.g. Il-1b) but more M2 markers (e.g. Fizz1) even before differentiation ( Figure 6E ), consistent with an attenuated inflammatory phenotype. After differentiation (LPS/IFNg stimulation, or IL-4 stimulation ex vivo), the expression of M1 markers like Il-12b and iNOS were significantly reduced for macrophages from Ackr1 2/2 ApoE 2/2 mice ( Figure 6F ), suggesting that Ackr1 deficiency may skew BMDM differentiation towards a less inflammatory state.
Discussion
Ackr1 is an atypical chemokine receptor that binds promiscuously to various inflammatory CC and CXC chemokines, including CCL2, CCL5, CCL17, CXCL1, CXCL5, and CXCL8, without signalling through G proteins. 18, 19 Acting through typical G protein-coupled chemokine receptors, Ackr1 ligands can induce activation and migration of many leucocyte subsets, including monocytes, T cells, and neutrophils into the vessel wall, and play a pathogenic role during atherosclerosis development. 4 For example, genetic deletion of Ccl2, Ccl17, and Cxcl1 all significantly reduce atherosclerotic lesion size in corresponding atherosclerosis mouse models. 20 -22 Since Ackr1 may mediate transcytosis and scavenging of inflammatory chemokines, 6 it is important to know whether it may directly affect atherogenesis. Previous studies have mainly focused on the role of Ackr1 in acute inflammation, such as in malaria infection, 12 ; Ackr1-deficient mice have been reported to have increased inflammatory responses to LPS challenge, 23 but to be protected from acute renal failure. 25 Here we demonstrate that genetic deletion of Ackr1 in Figure 6 Ackr1 deficiency skews monocytes/macrophages towards a less inflammatory state in ApoE 2/2 mice. Percentages of Ly6C hi and Ly6C low monocytes in the whole aorta (A) and circulating blood (B) of Ackr1 +/+ ApoE 2/2 mice and Ackr1 2/2 ApoE 2/2 mice were determined by FACS analysis and the ratio of Ly6C hi /Ly6C low monocytes was shown correspondingly in (C ) and (D) (n ¼ 9 -10 mice per group, 10 weeks on WD; *P ¼ 0.0231, **P ¼ 0.0014, ***P ¼ 0.0009). (E and F ) BMDM from Ackr1 +/+ ApoE 2/2 mice and Ackr1 2/2 ApoE 2/2 mice were stimulated with either 25 ng/mL IFNg and 100 ng/mL LPS or 10 ng/mL IL-4 to derive M1/M2 macrophages. Real-time PCR was used to analyse the mRNA levels of IL-1b, IL-12b, iNOS, TNFa (M1 markers) and Arg1, Fizz1, Ym1 (M2 markers) before (E) and after (F ) stimulation. All samples were normalized to b-actin (n ¼ 4 -7 mice per group; ***P ¼ 0.0005, **P ¼ 0.005, *P , 0.05). Instead, serum concentrations of Cxcl1 were significantly increased.
Akcr1 deficiency reduces atherogenesis
There was a marked reduction of both Ccl2 and Cxcl1 expression in the whole aorta and aortic root of Ackr1 2/2 ApoE 2/2 mice. Increased serum Cxcl1 levels in Ackr1 knockouts may be due to the loss of Ackr1's chemokine transcytosis function, in this case from the serum into aorta, consistent with current models of how Ackr1 regulates chemokine distribution between blood and tissue during inflammation. 6, 10 Cxcl1 is known to be chemotactic for neutrophils, 4 but very few neutrophils were found in plaque in the model by immunohistochemical staining (data not shown). Ackr1 deficiency in ApoE 2/2 mice did not affect cholesterol levels, plaque stability, or macrophage accumulation in the lesions. Instead, Ackr1 deficiency reduced the total aorta content of T cells, possibly by regulating the expression of relevant inflammatory chemokines on endothelial cells. This is consistent with the ability of Ackr1 to mediate chemokine transcytosis and the finding that Ackr1 overexpression on mouse blood vessel endothelium-enhanced leucocyte extravasation. 11, 27 However, whether reduced total T-cell content is a causal factor in reducing plaque size in Ackr1 knockout mice or instead is secondary to decreased plaque size remains to be determined. Ackr1 deficiency also appeared to skew monocytes and macrophages into a less inflammatory state. A direct mechanism on macrophages involving signalling by chemokines whose expression is regulated by Ackr1 has not previously been reported. However, indirect mechanisms could also be involved. For example, Ackr1 modulation of chemokine levels could affect the balance of Th1/Th2 CD4 + T cells and their signature cytokines in lesions. The maintenance of M2 macrophages is thought to require IL-4-producing Th2 cells and the switch from M2 to M1 macrophages may be triggered by a Th1 environment. 28, 29 Lower levels of Ccl2 and higher levels of Il-10 in atherosclerotic lesions of Ackr1 2/2 ApoE 2/2 mice may bias the content of infiltrating macrophages towards M2.
To summarize, here we provide the first evidence that Ackr1 plays a critical role in chronic inflammation, in particular in the ApoE 2/2 mouse model of atherogenesis. The mechanism may involve control of cytokine and chemokine balance in blood and plaque, including regulation of the important T cell and macrophage-targeted chemokine Ccl2. Taken together, our data suggest that Ackr1 may be considered as a potential target for therapeutic development in atherosclerosis.
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